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RESEARCH MEMORANDUM

COMPARISON OF CALCULATED AND EXPERIMENTAIL TEMPERATURES OF
WATER-COOLED TURBINE BLADES

By Eugene F. Schum, John C. Freche, and William J. Stelpflug

SUMMARY

Analyticel methods were used to calculate average and local turbine-
blade temperatures. These temperatures were compared with experimental data
obtained with a forced-convection, water-cooled aluminum turbine over a
range of turbine-inlet-gas temperatures from 400° to 1600° F and coolant-
mass velocities from 24 to 280 pounds per second - square foot. A station-
ary water-cooled low-conductivity-material (stainless steel) blade with &
high-conductivity material (copper) inserted in a portion of the trailling
edge was also investigated in order to determine the cooling effectiveness
obtained by use of the insert and to provide data for comparison with cal-
culated trailing-edge temperatures. A gas-temperature range from 400° to
900° F and a coolant-mass velocity range from 485 to 1080 pounds per
secont - square foot were covered in the statlonary-blade investligation.

Calculation of high-conductivity-material turbine-blede average tem-
peratures and low-conductivity-material stationsry-blade temperatures
resulted in generally good agreement with experimentel data. Comparison
of celculated and experimental turbine-blade trailing-edge temperatures
also resulted in good agreement. Calculated leading-edge temperatures, how-
ever, are higher than experimental values, and the degree of variation
increased with increasing blade temperature. Maximum allowable turbine-
inlet-gas temperatures computed for the water-cooled aluminum turbine for
coolant-to-gas flow ratios from 0.05 to 0.40 and & nominal design turbine-
inlet-gas mass velocity of 12 pounds per second - square foot resulted
in values ranging from 1800° to 2400° F, respectively. Calculated sta-
tionary water-cooled-blade trailing-edge temperatures are approximately
15° F less than experimental values for both the trailing-edge section
with the copper insert and the section without the copper insert.

Insertion of a high-conductivity material (copper) in the trailing
edge provides an effective method for reducing the trailing-edge tempera-
ture of a water-cooled blade of low-conductivity material (stainless
steel). Over the range of operating conditions investigated with the sta-
tionary water-cooled blade, a reduction of more than 50 percent in required
coolant flow was achieved in maintaining a given trailing-edge temperature.
Calculations indicate that use of a copper imsert permits a reduction of
375° F in the stationary-blade trailing-edge temperature with a nominal
coolant flow at the design conditions of a current ailrcraft turbine.
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INTRODUCTION

Deslgn of cooled turbines necessitates the calculation of blade
temperatures under desired turbine operating conditions. 1In order to
calculate these temperatures, the gas-to-blade and blade-to-coolant
heat-transfer coefficients must be kmown. In an earlier investigatlon
of a forced-~convection, water-cooled saluminum turbine (reference 1), it
was shown that the theoretical average ges-to-blade heat-transfer coef-
ficients, calculated according to methods derived in reference 2,
agreed within 3 percent with the curve representing turbine experimental
data. Another investigation with this turbine (reference 3) demon-
strated that over the mejor portion of the coolant-flow range investi-
gated, blade-to-coolant heat-transfer data agreed within 17 percent with
the curve representing heat~transfer data for heated liquids in sta-
tionary tubes. The investigation of reference 3 also utilized theoretical
gas~to-blade-and stationary-tube blade-to-coolant heat-transfer coef-
ficients to calculate average blade-middgpan temperatures by analyticel
methods derived in reference 4 and modified in reference 3. The maximum
deviation of calculated average blade-midspan temperatures for the limited
number of data points calculated in reference 3. was 13° F at an experi-
mental blade tempersture of 165° F. These results suggest that adequate
agreement may be expected if analytical methods (references 2 to 4) are
applied to the calculation of local blade tenperatures; however,
verification is necessary. Whether these methods can be applied suc-
cesgfully to water-cooled blades of low~condnctivity material muet also
be determined because future water-cooled turbine applications will
Primerily involve high-strength, low~-conductivity materlals.

It has been shown (reference 5) that use of high-conductivity-
material (copper) inserts in the leading and trailing edges of alr-coaled
turbine blades fabricated of low-conductivity material (X-40) subsgtan-
tially reduces the leading- and trailing-edge temperatures. If similar
reductions can be achieved with water-cooled:blades, the high chordwi?e
temperature gradients can be reduced, thereby decreasing the thermal
stresses encountered and effecting important increases in blade life.

''he investigation described herein wes conducted at the NACA Lewls
laboratory in order (1) to provide additional applications and verifica-
tion of existing anslytical methods for calculating temperatures of—
water-cooled blades fabricated of high- and low-conductivity material,
(2) to obtain date for determination of maximum slloweble gas tempera-
tures for the forced-convection, water-cooled aluminum turbine, and

562
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The investigation described herein was conducted at the NACA Lewis.
laboratory in order (1) to provide additionel applicatlons and verifica-
tion of existing enalytical methods for calculating temperatures of
water-cooled blades fabricated of high- and low-conductivity meterial,
(2) to obtain data for determinstion of maximum allowable gas tempera-
tures for the forced-convection, water-cooled gluminum turbine, and
(3) to determine the cooling effectiveness of & high-conductivity-
material trailing-edge insert when applied to a water-cooled blade.

The aluminum turbine was operated over an extended range of gas- and
coolant-flow conditions in order to obtain meximum allowable gas-
temperature datae as well as additional data to that given in refer-

ences 1 and 3 for use in cslculating blade temperatures. A stationary,
water-cooled, stainless-steel blade with a high-conductivity-material
trailing-edge insert was investigated in a hot gas siream over a range

of gas temperatures and coolant flows, and analytical methods were applied
in calculating the blade trailing-edge temperatures.

Average turbine-blade-midspan temperatures as well as average
temperatures at the blade root and blade tip were calculated for the
aluminum turbine by experimentally substantiated heat-transfer-coefficient
analysis methods. Although the high conductivity of aluminum prevented
large chordwise temperature gradients between various peripheral blade
locations such as those.that oceur in cooled blades of low-conductivity
meterial (reference 6), temperatures at specific blade locations such
as the leading and trailing edges were also calculated. Analytical
methods of calculsting blade temperatures were also used to calculate
the maximum allowsble turbine-inlet-gas temperature for several coolant-
to-gas flow ratios. For the stationary, water-cooled, stainless-steel
blade, the trailing-edge temperature of the portion of the blade with
an insert was calculated for comparison with measured temperatures, and
an average value of -thermsl conductivity for the trailing-edge section
was used in the anslytical temperature calculation method. The trailing-
edge temperature wes also calculated for the blade tralling-edge portion
without the high-conductivity insert and compared with experimental data.

In these investigations, the turbine was operated over & range of
gas temperatures from 400° to 1600° F, over a range of gas mass velocities
from 7.2 to 17.4 pounds per seécond - square foot, and over a range of
coolant mass velocities from 24 to 280 pounds per second - square foot.
The stationary water-cooled blade was operated aver a range of gas
temperatures from 400° to 900° F and over a range of coolant mess veloeci-
ties from 485 to 1080 pounds per second -~ square Toot at a constant gas
mass velocity of 3.8 pounds per second - square foot.

APPARATUS
Descriptions of the water-cooled turbine and the statlonary water-

cooled blade used in these investigations are presented in the following
paragraphs.



4 ] . S ] ~ NACA RM E52D21

Water-Cooled Turbine

Turvine. - The forced-convection, water-cooled, single-stage
aluminum turbine uséd in this investigation is fully described in ref-
erence 7. Sectlionsl views illustrating blade-construction details and
the coolant-flow path are shovwn in figure l(a) The rotor consists of
two disks machined from 14ST aluminum. Fifty impulse-type blades of
constant cross section with no twist are machined integrally with one
of the disks., The turbine rotor has a tip diameter of 12.062 inches.
The blade span is 1.15 inches and the bliade chord is O. 744 inch. Coolant

peassages near the blade leading and trailing edges have 0.062-inch

diameters and the passeges near the blade center have 0,099-inch diameters.

The cross-over passage near the blade tip connecting the four radial
coolant passages 1s 0.062 inch in diameter. The turbine installation
and the coolant-flow path through the entire turbine are shown in fig-

ure 1(b). Hotgases for driving the turbine were supplied by two modified

Jet-engine burners. Turbine power was azbsorbed by a water brake.

Instrumentation. - The planes of instrumentation through the turbine
installation are shown in Tigure l(b) Turbine-blade—temperstures were
measured at the locaticons shown in figure l(a). The blade temperatures
were measured at the midspan position on the leading and tralling edges,
on the pressure and suction surfaces at points approximately midway
between the leading end trailing edges; on-the pressure surface at the
blade tip, and on the suction surface at the blade root. A thermocouple
pickup consisting of a elip-ring and brush system was used to obtsin
temperature measurements on the rotating elements. Coolant-inlet )
temperature was measured by a thermocouple located in the stationary
coolant-supply tube. Coolant-outlet temperature was megsured on the .
water-outlet side of the baffle plate immediately prior to coolant dis-
charge from the rotor (fig. 1(a)). Total and static gas pressure, gas
temperature, gas and coolant flow, and turbine speed were measured in
the manner described in referenpce 7. . L _

Statlonary Water-Cooled Blade

Blade fabrication and lnstallation.” = The stationary water-cocled
AISI type 403 stainless-steel blade 1s shown in figure 2. The blade was
installed in the 10=inch combustion-gas-inlet duct of the aluminum
turbine at a position where gas-flow-conditions were most uniform (see
fig. 1(b)). The blade trailing edge was divided into two spanwise
sections, one contalning a copper insert to increase the aversage con~
ductivity of the section and one without the insert. A saw cut separsted
these pections to eliminste spanwlse conduction between them. The copper
insert measuring 1.25 by 0.24 by 0.032 inches was brazed in a slot
machined to the ssme length and depth but to a 0.036-inch width in order

to accommodste the hraze material. The copper insert extended from the
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trailing edge to the 0.070-inch~diameter coolant passage that was drilled
spanwise through the entire blade. A leading-edge section was provided
in order to simulate, as far as possible, gas-flow conditions and result-
ing heat-transfer rates encountered over the tralling-edge section of
turbine blades. In order to minimize conduction from the biade leading-
edge section, a series of 0.090-inch-diameter holes was drilled through
the blade immediately upstream of the coolant passage and filled with

a low-conductivity ceramic cement.

Tnstrumentation. - Thermocouple locations on the stationary blade
are shown in figure Z(a). The temperature of the blade trailing-edge
gsection with the copper insert and that of the section without the
copper insert were measured at the midspan trailing-edge point of each
section. Coolant-inliet and -discharge temperatures were measured by
thermocouples located in the coolent-supply and -discharge tubes at the
points of coolant inlet and discharge from the blade. Coolant flows
were measured by a rotameter. Total gas temperature and pressure were
measured by means of a thermocouple and pressure-tube rake extending
across the duct in a plane 6 inches downstream of the blade. From the
center of the gas-flow duct, the thermocouples were located at zero
radius and at each of three radii, approximately 3/8, 5/8, and.7/8 of
the duct radius. The pressure probes were located at each of three
radii, approximately 1/4, 1/2, and 3/4 of the duct radius. Static-
pressure taps were provided in the same plane at 90° intervals around
the duct. "

PROCEDURE
Water-Cooled Turbine Investigation

Analytical methods were used to calculate blade temperatures for
comparison with data obtained from the forced-convection, water-cooled
aluminum turbine. These data covered a wide range of coolant-flow and
gas-flow conditions and were obtained at the design turbine-gas-flow
inlet angle of 37°. In order to cover as complete a range of turbine
operating conditions as possible, data from references 1 and 3 were also
included in these calculations. The entire range of turbine operating
conditions covered is given in table I.

The turbine was also operated in order to obtain an indication of
the maximum allowable gas temperature for constant coolant-to-gas flow
ratios of 0.05, 0.10, 0.20, 0.30, and 0.40. 'These data were also
included in the blade-temperature calculations. A constent gas mass
velocity of 12 pounds per second - square oot and the design gas-flow
inlet angle of 37° were maintained during these runs. Turbine operation
at a constant gas-flow inlet angle was achieved by setting the inlet-
gas temperature, the pressure ratio, and the turbine speed according to



6 L NACA RM E52p21

previously calculated values. The turbine speed was adjusted by means
of & water brake to the proper calculated value in order to maintailn _
the desired inlet angle for any condition of pressure ratio and inlet-
gas temperature. In view of the approximately 800 hours already 1ogged,
turbine operation wes maintained st remsonsble rotor stress levels by
not exceeding 15,500 revolutione per minute. This gpeed represents
approximately two-thirds of the design centrifugal loading.

¥8s2

Stationary Water-Cooled Blade Investigation

The investigation of the water-cooled, stainless-steel blade wes con-
ducted simultaneously with the turbine maximum allowsble gas-temperature
investigation. Test conditions were, consequently, limited to a con-
stant gas mass flow and the various gas temperatures were set while o 3
turbine maximum allowable gas-temperature data were being obtained. The S
complete range of gas temperatures and coolant-flow conditions covered
in the stationary-blede investigation is also given in teble I. In
order to eliminate the possibllity of damage to the turbine, the station-
ary blade was removed from the turbine combustion-gas Inlet duct at gas
temperatures above 900° F. o o ) L

METHODS OF CALCULATION
Calculation of Aluminum~Turblne Average Blade Temperatures

Analytical methods derived in references 2 to 4 were used to cal-
culate water-cooled aluminum turbine hlade and stationary water-coocled
stalniess-steel blade temperatures. Modifications of these baslc methods
were sometimes required to sult the speclfic aﬁplicatian'reported herein.
For the sake of brevity, reference is made wherever possible to published
sources in describing the detailed calculation procedures.

Determination of heat-transfer coefficients. - Calculation of turbine-
blade temperatures reguires knowledge of gas-to-blade and blade-to-coolant
heat-transfer rates or coefficients. In order to obtaln average tempera-
tures around the blade periphery, average convection gas-to-blade heat-
transfer coefficients were used. For the deslgn gas-flow inlet angle
and any given set of gas-flow conditions these coefficlents were obtalned
by applying boundsry-layer hest-transfer theory in the manner described
in appendix B of reference 2. Application of. boundary-layer theory T
requires knowledge of the chordwise velocity distribution around the
turbine blades. Stream-filsment theory derived for compre351ble flow
around impulse-type blades (reference 8) was used to obtain the required
chordwise veloclty distributions. For any given coolant flow, average -~
blade-to-coolant heat-transfer coefficilents were obteined from a mean
curve through the heat-transfer data of several investigators for the
laminar flow of heated-liquids through stationary tubes (fig. 5, ref-
erence 3). These correlation methods were verified experimentally with

this turbine 1n earlier investigations ireferences 1 and 3).
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Average blade-midspan temperature. - The average temperature at the
blede midspan was calculated from equation (B2) in appendix B of ref-
erence 3.

ox2 -axp
Tg,2 = Tp,p + Cz&  + Cge (1)

(A1l symbols are defined in appendix A.) This is the radial-temperature-
distribution equation for the cooled portion of the blade (section 2

of fig. 3) and was used in order to account for the effect of radial
conduction, which should be considered Tor a turbine with short blades
of high-conductivity material as indicated in reference 4. The terms Gy
and Cy were calculated as described in appendix B of reference 3. The

values of TB,p and o were evalusted from the definitions given in
sppendix A. The value substituted for x, is equivalent to one-hslf of

the length of the cooled blade portion. Values of the cooled blade
length and additional geometric fectors used in these and subsequent
turbine-blade calculdations are given in .table IT.

Average blade-tip temperature. - The average temperature at the
blade tip (section 1 of fig. 3) was calculated from equation (Bl) in
appendix B of reference 3.

ax -ax
- , 1 1
Tp,1 = Tg,e + C10 Cge (2)

The terms Cy and Cp were evaluated as deseribed in the reference.
Since the velue of x; 1s equal to zero and since the term a 1is

always finite, equation (2) reduces to

Tp1 = Tg,e ¥ 01+ Cp (3)

The effective gas temperature Tg,e was calculated from equation (4)

(equation 3, reference 7) and the nozzle survey data cited in ref-
erence 7 for this turbilne.

WZ
Zngp

Average blade-root temperature. - The average temperature at the
blade root was calculated from equation (1). The term X, was given

a value equivalent to the length of the cooled portion of the blade
(see Tig. 3). The terms o, TB,p’ Cz, and C4 have the same values as

those used in the calculation of the average midspan-blade temperature.

Tg,e = Tg + A (4)
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Calculation of Specific Blade. Temperatureg of Aluminum Turbine

Determination of _heat-transfer coefficlents. - Specific leading-
and trelling-edge blade temperatures were cglculated by use of local
gas-to-blade heat-transfer coefficients averaged over the midspan portioms
of the leading and treiling edges, respectively (see fig. 3). Iocal
gas-to-blade coefficlents over the blade section affecting the trailing-

edge temperatures were cslculated from the turbulent-boundary-layer heat-
trensfer equation (equation (26), reference 2) which, according to the
notation reported herein, 1s represented by

Mu, = 0.0296 (Reg)0:8 (Prg)l/s (5)

In equation. (5) physical properties of the. gas were evaluated at the wall
temperature. The turbulent-flow equation was used because velocity- '
distribution calculations by stream-filament theory (reference 8) indi—
cated that turbulent flow exlsted over the blade trailling-edge section

for the turbine operating range covered. In order to obtain local coef~
ficients around the leading edge, the velocity distribution in the channel
portion of the Llade was first calculated according to the method described
in reference 8. A velocity profile over the leading edge was then '
assumed and substantiated by circulation checks made over the blade
leading edge. Over the section of the leading edge where_the velocity
profile was laminar, the local coefficients were calculated from the
leminer heat-transfer equation (equation (19), reference 2). According
to the notatlon employed herein, this equation is expressed as

Wiy = Frop (Reg)/? (Prg)/® (6)

Properties of the gases used in equation (6) were evaluated at the wall
temperature. The local coefficients in the turbulent-flow region around
the blade leading edge were calculated from the turbulent-flow equation
(equation (5)). Integrated averages .of the local leading- and trailing-
edge coefficients were obtained from a plot of .local coefficients agsinst

distence along the leading- and trailing-edge blade surfaces, respectively.

Because the flow rate through the individusl pasdsages in the blades could
not be measured or calculsted with certainty, average blade-to-coclant
coefficients, as described previously, were used in the specific blade-~
temperature calculations.

Blade-midspan trailing-edge temperature. - Inasmuch as radial o
conduction from blade to rim has a pronounced effect upon trailing-edge
temperature, as shown for a typical water-cacled blade in figure lO(b) of
reference 4, it was necessary to account for cnduction by approximating
the blade tralling-edge section with a rectangular paralleleplped. The

554
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trailing-edge temperature was obtained from a series solution (equa-
tion (12), reference 4) which may be written as

Z (xEn,n cos &£ x' cosh./{n’ny‘ cos N,z +

(- -]
l‘T"B,TE =Tge -
n=1 n=1
(7)

Oy

,n cosh & x' cos2,y' cos ApZ)
In this equation the terms x', y', and 2z represent geometric dimensions
of the parallelepiped and the integration constants -’(m n? Lo’ 'ﬂm,n’ N>

2

@m,n’ g’m,n’ and 2, are evaluated as described in reference 4. The

values obtained by use of this equation were corrected to account for
inaccuracies introduced by similating the trailing-edge section with a
rectangular parallelepiped. Reference 4 indicates that a more accurate
determination of the trailing-edge temperature can probably be obtained
by simulating the trailing edge with a wedge-sheped prism. Because of
the complexity of the mathematical solution for such a geometric shape,
however, the simpler rectangular parallelepiped was used, and corrections
obtained in the following manner were applied. For each data point con-
sidered, the trailing-edge temperature was separately determined with
radisl conduction neglected. The trailing-edge section was approximated
first with a wedge and then with a rectangle, and the temperature was
determined by use of equations (21) and (18) of reference 4. These
equations may be expressed as

Hil2
7Py (Tg,e - T7)do(1L)

TB,TE = Tg,e - Hito (8)
ZszB I (182) - 137(185) )

Hy ,
T (Tg,e = T7) cosh @y

I:EB,']E = Tg’e - Ei (g)
® ginh $3' + k—B cosh & 3+

Geometric factors incorporated in the terms X, £, eand {5, were evalusted

from the definitions given in appendix A and from blade dimensions given
in table IT and figure 1(a). The difference between the results obtained
from equations (8) and (9) provides en indicaticn of the effect of the
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trailing-edge geometric factor. However, this effect varies with position
along the blade span. The following equation expresses a correction, T

which when subtracted from the trailing-edge temperature calculated by '
equation (7) provides the final corrected trailing-edge temperatire,

T -
TE, P r exp
ATTE = = 2 ) (T'I'E) - TTE)W) (J—o)

TTE, - r,exp

Midspan leading-edge temperature. - Blade leadling-edge temperatures
were calculated by the same method as the trailing-edge temperature by
use of equations (7) to (9) except that gas-to-blade coefficlents for .
the leading edge, evalusted as previously described, were used. A
simpler procedure of approximating the leading-edge section by concentric
circles (equation (23), reference 4) was not employed because the effect— -
of radial conduection is not consldered in this equation.

2554

Calculation of Btationary Stainless-Steel Blade Temperatures

Determination af heat-transfer cdéé&fficients. - Trailing-edge tempera-
tures were calculated by use of local gas-to-blade heat-transfer coef-
ficients, averaged aver the portion of the tralling-edge section indicated ¥
in figure 2{a). TIocal gas-to-blade coefPicients were calculated by
equation (5). Beécaluse the pressure gradient over the surface of this
configuration approaches zero, & turbulent boundary layer will ensue
according to reference 2. Consequently, the turbulent-flow heat-transfer
equation was used. The coolant flows used resulted in cooclant-flow
Reynolds numbers greater than the critical value of 2300 and, therefare,
blade-to-coolant caefficients were obtained from equation 4(c), ref-
erence 9., This equation represents a mean curve through the heat=transfer
data obtained by seversl investigators for turbulent f£low of liquids
through stationary tubes and is written in the notation employed herein

Nu, = 0.025(Re;)0-8 (pr;)0-4 (11)

The properties of the coolant were evaluated at the arithmetic average
of the coolant-inlet and -discharge temperstures.

Trallling-edge temperature for blade section without copper insert. -
The tralling-edge section was simulated by an equivalent wedge, and the
trailing-edge temperature was calculated by the one-dimensional chordwise-
temperature-distribution eguation (equation (8)). Geometric factors
incorporated in terms K, {5, end { were evaluated from blade dimensions -

given in table ITII. The value of thermal conductivity used in the
term K 1is salsoc given in table III. The average coolant temperature
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was used in equetion (8). The effective gas temperature was evaluated
from gas conditions measured in the instrumentation plene located 6 inches
downstream of the blade and by the use of equation (4).

Trailing-edge temperature for blade section with copper insert. -
Trailing-edge temperatures were calculated by the same method used for
the blade section without the insert, except that a different value of
thermal conductivity was used. A weighted average value of conductivity
(tabulated in table ITI) based on the average thickness t of each
material in the trailing edge was determined from the following equation
in which the thickness terms are evaluated at the locatirens shown in

figure 2(b):

kp av (tg + T, + tg) = Bk + bk, + B kg (12)

An average value of conduetivity kg gy 80 evaluated was based on the

assumption that heat will flow in the direction of the coolant passage
through the insert material as well as through the blade material
surrounding the insert.

Calculation of Meximum Operating Conditions of Aluminum Turbine

Maximum allowsble blade temperature. - Calculation of the maximum
alloweble turvine-inlet gas temperature for a given coolant flow requires
knowledge of the maximum permissible blade-radial-temperature distribu-
tion. For this turbine, the maximum blade temperature for & design speed
of 19,000 rpm and 10Q0-hour life was determined as described in ref-
erence 10. Briefly, the procedure is as follows: Centrifugal stresses
due to the blade material and the coolant head were calculated at several
radial blade locations. By use of these stresses and unpublished stress-
to-rupture curves obtained at verious temperatures for 14ST aluminum,
the maximum permissible blade-radial-temperature distribution was evalu-
ated. Calculated blade centrifugal stresses were multiplied by a safety
factor of 1.25 in order to account for small superimposed blade stresses
due to gas bending, blade-temperature gradients, etc. Induced stresses
resulting from temperature gradients are likely to be small for this
turbine because of the high conductivity of the blade material; con-
sequently, a small safety factor 1s adequate.

Maximum alloweble turbine-inlet gas temperature. - Maximum allowable
turbine-inlet gas temperatures over a range of coolant flows were calcu-
lated from equation (1). Of the temperatures measured at the blade root,
midspen, and tip, the average midspan temperature was closest to the curve
of maximum permissible blade-radial-temperature distribution obtained as
described previously. Consequently, the average blade-midspen tenpera-
ture is considered as the criterion in determining the maximum alloweble
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gas temperature, and equation (1), which expresses a relation between
the average midspan-blade tempersture and the gas temperature, wes
used. A method of approximation was used to agbtain the maximum alloweble
gas temperature. The maximum permissible blade-midspan temperature
evaluated as described in the previous paragraph was substituted for
Tg,2 in equation (1). An assumed value of effective gas temperature
and corresponding average gas-to-blade and average blade-to-coolant
coefficients, obtained for this turbine as described previously, were
substituted into equation (l); The right side of the equation was then
evaluated by the method of appendix B of reference 3 and the result
compared with the limiting blade temperature previously substituted for
?B,Z’ This procedure was repeated until use of an assumed value of

effective gas temperature resulted in the proper value of TB,Z‘ The

maximum sllowsble turbine=inlet-gas temperature was then evaluated by
both equation (4) and the nozzle box survey data described in reference 7.

RESULTS AND DISCUSSION
Comparison of Calculated and Experimental Aluminum
Turbine Blade Temperatures

A direct comparison ofexperimental blade temperatures obtained over
a renge of gas temperatures from 400° to 1600° F with values calculated
by use of analytical gas-to-blade and blade-ta-coalant coefficlents (ref—
erences 2 and 3) is presented and discussed in the followlng sections.

Average blade-midspan temperature. - A consideration of analytical
methods (reference 4) for calculating cooled-blade temperatures indicates .
that the average blade temperatures are the most readily calculated. .
The average blade temperature over the mldspan portion of the blade is

of practical interest in turbine design because 1t reflects the general N

blade operating temperature level and, consediently, the blade strength
available. A conmparison of calculated averdge blade-mlidspan temperatures
and experimental averege blade-midspan temperatures obtained from a

plot of blade temperature against blade periphery 1s shdwn in figure 4.
Calculated values are close to & 1l:1 correlation line and lie on both
sides of the line over the experimental blade-temperature range investi-
gated from 105° to 299° F. The maximum deviation of calculated from
experimental data over this range was 25° F and occcurred at an experi-
mental temperature of 264° F. This represents a maximum error of less
than 10 percent, which appears adequate for water-cooled-turbine blade
design. The minor deviations of calculated from experimental wvalues
shown in figure 4 may be attributed to inaccuracies in experimental
measurements required to calculate the anslytical heat-transfer rates.

A similar comparison made in figure 7 of reference 3, for a small number
of data points over a limited range of turbine operating conditions, also

’ﬁ—__

gt
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indicated good agreement between experimental and calculated blade
temperatures. The results shown in figure 4 over an extended range of
turbine operating conditions provide additional verification of analyticsel
temperature-calculation methods for blades of high-conductivity materilal.
It should be emphasized that for' low-conductivity materials the spanwise
blade temperature-calculation method used previously is valid only in
the region of the coolant passages (reference 4). Therefore, it may be
necessary to calculate specific blade temperatures, especially for loca-
tions somewhat removed from the water passages, In order to obtain a
representative average blade temperature for blades of low-conductivity
material.

Average blade-tip temperature. - Although centrifugal stresses at
the blade tip are generally negligible in uncooled turbines, hydraulic
stresses near the tip of the coolant passages may be quite high in water-
cooled turbines. The effect of thermal stresses combined with such
hydraulic stresses may be critical and knowledge of the blade temperature
at this location under imposed turbine operating conditions is desirable
from a design standpoint. Calculations of specific midchord temperatures
for this turbine are complex, involving a relaxation solution for the
blade-temperature distribution for varying boundary conditions. Inasmuch
as variations among local temperatures around the blade tip are probably
small as found at the blade midspan, such a complex procedure is not
warranted and consequently average blade-tip temperatures were calculsated.
Calculated average blade-tip temperatures are compared in figure 5(a)
with an experimental blade-tip temperature measured at a polnt on the
pressure surface, approximately midway between the leading and trailing
edge. Over the experimental blade-tip temperature range investigated,.
120° to 340° F, calculated values are in general higher than experimental
dsta and the deviation appears to increase with increasing blade tempera-
ture. The meximum deviation of calculated values from experimental data
was 50° F at an experimental blade temperature of 230° ¥. A factor that
mey influence the accuracy of these calculations is irregularity in gas
flow at the blade tip. Gas-flow irregularities 1In turn vary the gas-to-
blade heat-transfer rates, which affect the experimental blade-tip
temperatures.

Average blade-root temperature. - Because blade centrifugal stresses
are highest near the blade root, knowledge of the blade temperature at
this location is desireble for design purposes. A comparison similar to
that made at the blade tip-is shown for the blade root in figure 5(b).
Failure of the blade-root thermocouple during the latter phase of turbine
operation slightly reduced the number of data points avallable for compari-
son with calculated average blade-rocot temperatures. Over the greater
portion of the experimental temperature range investigated, 90° to 215° F,
the calculated values fall along and on both sides of a 1:1 correlation
line. With the exception of several date points approximately at the
center of the temperature range investigated, good agreement between
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calculated and experimental temperatures was obtained. The meximum
deviation of calculated values from experimental data was 220 F at an
experimental blade temperature of 140° F.

Blade-midspan trailing-edge temperature. - A comparison of calculsfed
midspan trailing-edge temperatures with experimental values is shown in
figure 6{a). Because of the complexity of the calculatlon procedure .
involved, the midspan trailing-edge temperatures were calculated for a .
limited rmumber of data points selected over the entire range of gas—flow
and cooclent-flow conditions. §8ix of the segven calculsted values agreed
within 20° F with the experimental data over an experimental blade-
temperature range from 118° to 334° F. The deviation of the seventh polint
was 31° F at an experimental blade temperature of 268° F. Generally, good
agreement resulted when the trailing-edge temgeratures were originally
calculated by approximating the trailing-edge section with & rectangular
parallelepiped; however, use of g correction that accountg for the effect
of the trailing-edge geometric factor 1mproved the agreement “between
calculated and experimental temperatures to that shown in the figure.

The magnitude of this correction ranged from 7 F at the lowest blade

temperature of 118° F to 44° F at the highest blade temperature of 334°°F.

The temperature gradient between the blade tralling edge and the
blade metal adjacent to the tralling-edge coolant passage was also deter~
mined for the blade-midspan poesition in asddition to the calculatlon.of .
the temperatures shown in figure 6(a) At & turbine-inlet- -gas tempersture
of 16800° F, the calculated temperature gradient was approximately 40° F
for this turbine. Calculations for a similar blade configuration fabri-
cated from a high-temperature, low-conductivity material and for identical
gas-flow and coolant-flow conditions result in.a temperature gradient of
approximately 250° F. Existence of such large temperature gradients in
water-cooled bladed Gf low-conductivity materisl verifies the need for
calculating the temperature at speciflc blade lacations in the deslign

of blades of this type.

Blade-midspan leading-edge temperature. - Figure 6(b) shows a com-
parison of the calailated leading-edge temperatures with experimental
values. -As in the case of the trailing-edge temperatures, a limited
number of data points _over the entire range of turbine operating condi-
tions was used because of the complexity of the calculatlon procedure.

For the experimental blade-temperature range investigated, 116° to 315° F,
the calculated values are generally higher than the experimental data,

and the degrer of varlation increases with increasing blade temperature.
The maximum deviationof computed from experimental values was about

47° T at an experimental blade temperature of 2789 F. Although the cor-
rection for blade geodietry was applied, a larger variation between cal-
culated and experimental temperatures results than at the tralling edge.
Conduction in the blade leading-edge section for this turbine apparently
is greater than can be accounted for in the calculation procedure -
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employed. The agreement cbtained in the leading-edge tempergture com-
parison is less favorable than that obtained for the trailing edge;
nevertheless, these results also indicate the usefulness of analytical
methods in which experimentally substantiated heat-transfer coefficient
analysis procedures were used in computing specific blade temperatures.

Comparison of Calculated and Experimental Statlonary-
Blade Temperatures

Calculated stationary-blade trailing-edge temperatures are compered
with experimentel values obtained over a range of gas temperatures from
400° to 900° F in figure 7 and discussed in the following paragraphs.

Trailing-edge temperature for blade section without copper insert. -
It has been shown thaet enalytical methods are generally epplicable for
calculating temperatures of water-cooled blades fabricated from high-
conductivity material. The results of applying these methods to the
celculation of the trailing-edge temperatures of the water-cooled blade
constructed of low-conductivity materiasl are shown 1in figure 7(a).
Calculated values are displaced below a 1l:1 correlation line by a constant
value of approximately 15° F over the entire range of experimental
blade temperatures from 116° to 272° F. Verification of the applicability
of analytical methods of calculating the trailing-edge temperature of
water-cooled blades of low-conducdtivity material is thereby provided.

Trailing-edge temperature for blade section with copper imsert. -
Figure 7(b) shows a comparison of calculated and experimental trailing-
edge temperatures for a section of a stalnless-steel water-cooled blade
with a high-conductivity-material (copper) trailing-edge insert. Over
the entire experimental blade temperature range from 85° to 182° F, the
calculaeted values are approximately 15° F lower than the experimental
values. These results apparently substantiate, for design purposes,
the calculation procedure in which an average value of thermsl conduc-
tivity for the trailing-edge section was used.

Another method of calculating the tralling-edge temperature of a
water-cooled blade with a high-conductivity trailing-edge insert was
suggested in reference 11. The method was based on the assumption that
the high-conductivity-material insert could be considered as the primary
conductive path surrounded by a low-conductivity-material coating. Less
satisfactory results were obtained when this method wes applied to the
blade under investigation.

Stationary Water-Cooled Blade Operating Data

The stationary water-cooled blade was investigated over a range of
coolant-flow conditions comparable to those encountered in small-scele
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turbine operation. The variation of measured trailing-edge temperature
with coolant flow at g constant gas mass velocity and over a range of
gas temperatures frommgooo to 900° F 1s shown in figure 8 for the
tralling-edge sections of the statlonary blade with and without the
high-conductivity-material (copper) insert. For a constant gas tempera-
ture and over the entire coglant-flow range investigated, from 0.013 to
0.029 pounds per secohnd, esSentially a constant difference in tempera-
ture between the two trailing-edge sections occurs. . However, this dif-_
ference between the twa sections increases with increasing gas tempera-
ture. At the highest gas temperature investigated (900° F), a 90° F
reduction in trailing-edge temperature is effected by use of the copper
Insert. The cuxves also show that for the range of conditions inveati-~
gated, use of this insert permits a reduction of more then 50 percent
in the coolant flow reguired to maintain a glven trailing-edge tempera-

ture. These results indlcate that the copper insert provides an effective

method of reducing the trailing-edge temperature of a stainless steel

water-cooled blade. _ . ol . .

Although the investigation was limited to gas temperatures up to
900° F, the trend of increased reduction in tralling-edge temperature
for increasing gas temperature warranted analytical investigatlon at
higher gas temperature. In order to obtain an indication of the effec-’
tiveness of the hlgh-conductivity-material tralling-edge insert under
current turbine operating conditions the tralling-edge tem@erature of
each section of the stationary blade was calculated for a 1600° F gas
temperature. Use of a gas mass velocity indicative of the flow through
the blade passage of-a current aircraft turbine engine and s representa-
tive cooclant flow indicated a reduction in trailing-edge temperature of
375° F. A trailling-edge temperature reduction of this magnitude can
greatly reduce the temperature gradients in a water-cooled blade and
thereby decrease the thermal stresses encountered and effect an increase

in blade life. L A Ll

Turbine Operating Dats

Maximum alloweble inlet-ges tempersture. - Maximum allowable turblne-
inlet-gas temperatures calculated for the aluminum turbine over a range

of-coolant-to-gas flow ratios are shown 1n figure 9. For a coclant-to-~
gas flow ratlo range from 0.05 to Q.40 and a constant gas flow of

2.0 pounds per second (gas mass velocity of 12 lb/(sec)(sq £t)), the
calculated maximum allowable inlet-gas tempersatures ranged from 1800° to

2400° F, respectively. Figure 9 also indicates that for the experimental
range of gas temperatures investigated (400° to 160Q° F) a marked decrease
in average blade-midspan temperature resulted for this turbine when the

coolant-to-gas flow ratio was increased from O. 05 to 0. 20. However,
further increases in cooclant-to-gas flow ratios from 0.20 to 0.40 had
1ittle effect on the average blade-midspan temperature. For example, at

2554 |
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&8 gas temperature of 900° F, a 65° F decrease in average blade-midspan
temperature results from increasing the coolsnt-to-gas flow ratio from
0.05 to 0.20. A 17° F decrease in blade temperature results from further
increasing the cooclant-to-gas flow ratio from 0.20 to 0.40. This trend
verifies an anslysis for a typlical forced-convection, water-cooled
turbine blade (reference 4, fig. 9), which showed that the rate of
decrease in blade temperature diminishes as the coolant flow increases.

In order that the favoraeble allowable gas temperstures calculated
for the aluminum turbine will not be misleadling, it should be emphasized
that this turbine could not be tested under conditions indicative of
current aircraft turbine engine operation because of imposed rig limita-
tions. Although design conditions for the aluminum turbilne are severe,
the rate of gas-to-blade heat transfer is approximetely two-thirds as
great as that which occurs at the design conditions for a current aircraft
turbine. Calculations made at the design conditions of a current aircraft
turbine, aessuming the blades were made from aluminum and assuming a
nominal water flow, ihdicated the maximum blade temperature would exceed
400° F. Because the tensile strength of eluminum decreeses rapidly at
temperatures sbove 400° F, this is the maximum temperature at which
aluminum can be considered for such high-stress application. From these
calculations the application of sluminum to a full-scale Jjet-englne
turbine apparently is not feasible. However, these calculations of
meximum turbine operating conditions 1llustrate another useful application
of the analytical methods under investigetion.

Water-cooled turbine design factors. - The possibility of steam
formation inside the rotor is an important factor in the design of water-
cooled turbines. It is shown in figure 9 that for a 0.05 coolant-to-gas
flow ratlo, runs were terminated at approximately a 950° F gas tempera-
ture. Operation of this turbine at these conditions resulted in a rotor
coolant-discharge temperature near the boiling temperature of water.
Turbine operation at this coolant-to-gas flow ratio and higher gas
temperatures would have resulted in partisl steam formetion at the free
surface of the coolant in the coolant reservoir and a pressure incresase
within the rotor. Rather than endanger the turbine rotor by the added
stresses induced, further operation at a 0.05 coolant-to-gas flow ratio
was curtailed. Although steam formation during turbine operation may
not be undesirsble on the basis of cooling because of the high latent
heat of vaporization of wster, steam formetion may be undesirable with
respect to rotor stress because of possible pressure buildups. The
latter possibility should be considered in design-stress calculations.

SUMMARY OF RESULTS
The following results were obtained from an investigation of the

application of enalytical methods to the calculation of water-cooled
blade temperatures:
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l. Comparisons of calculated and experimental turbine and stationary-
blade temperatures provided additional verification of analytical tempera-
ture calculation methods when experimeritally substantiated heat-transfer
coefficient analysls methods were used.

2. Calculated average turbine blade-midspan temperatures were com-
pared with average midspan experimental temperatures and the results
lie close to and on both sides of a 1:1 correlation line over the entire
range investigated. The maximum deviation was 25° F over an experimental
temperature  range from 105° to.299° F. '

3. Average blade temperatures calculated for the blade tip and blade
root were compsred with a specific temperature obtained experimentally
at each of these blade positions. Generslly good agreement was obtalned
at the blade root; at the blade tip, calculated _values were generally
higher than experimental values and the-wvariation increased with increas-
ing blade tempersture. ’ | :

4. Specilfic turbine-blade temperatures were calculated for the
trailing and leading edges. Comparison with specific experimental wvalues
resulted in good egreement at the trailing edge, and the results lie
close to and on both sides of a 1:1 correlation line. At the leasding
edge, calculated temperstures were higher than experimental values and
the degree of variation increased with increasing blade temperature.

5. The maximum alloweble turbine-inlet-gas temperatures computed for
the forced-convection, water-cooled eluminum turblne for coolant-to-~gas
flow ratios from 0.05 to 0.40 and a nominal design gas mase flow of
2.0 pounds per second (turbine-inlet-gas mass velocity of 12 1b/(sec)

(sq ft)) resulted in values ranging from 1800° to 2400° F, respectively.

6. 8tationary weter-cooled-blade trailing-edge tempersture calcula-
tions showed equally good agreement wlth experimental values for the
gection with a high-conductivity-material insert as well as for the
sectiaon without the insert. In both cases the calculated values were
approximately 15° F below the experimental values over the investigated
temperature ranges that extended from 85° to 182° F for the section
with copper insert and from 116° to 272° F for the section without a
copper insert. Co L

7. Insertion of a high-conductivity material (copper) in the trailing
edge provided an effective method for reducing the trailing-edge tempera-
ture of a water-cooled blade of low-conductivity msterial (stainless
steel). Over the range of conditions investigated, a reduction of more
than 50 percent was obtained in the coolant flow reguired to maintaln a
given traliling~edge temperature. (alculations indicated a possible
reduction of 375° F in the stationary-blade trailing-edge temperature

2564 |
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with a nominal coolant flow at the design conditions of a current
aircraft turbine.

Lewis Flight Propulsion ILaboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio
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APPENDIX - SYMBOLS

The following symbols are used in this report:

Nuy

Nu

H4D
blade-to-coolant Nusselt number, ;i—, (thermal

area normal to radial heat conduction path in blade,
sq ft 1

(8, v/ kghy )75 2670

constants - S T e - — -

specific heat of gas at constant pressure unless
otherwise indicated by subscripts, Btu/(1b)(°F)

hydraulic dlameter of coolant passage in stationary
bl&d.e, f.t *

verieble, evaluated in figure 8, reference 2

acceleration due to gravity, (ft/secz), or ratioc of .
sbsalute to gravitational unit of maes, (1b/slug)

heat-transfer coefficient, Btu/(°F)(sq ft)(sec) o
mechanical equivalent of heat; 778.3 (ft-1b)/Btu

. Bessel functions

chordwise distance from bhlade trailing or leading
edge to caoolant passage, ft

i 1

H 2 id

—Q )}, ft 8
kBsinW

thermal conductivity of gas unless otherwlse indicated
by subscripts, Btu/(°F)(ft)(sec)

perimeter, ft

1

(A
conductivity evaluated at average coolant temperature)

v
gas-to-blade Nusselt number, Bo,vv

k,

(o]
Prendtl nunber df gas, —EEC—WW“—Wg-
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Pry

Re

Rez

C T R —

x’m,nJ Zn’vd‘m,n’
A Pm,n°> Pn,n’2n

€2

.gas-flow Reynolds number,

"
-Prandtl number of coolant, EEL%—lﬁ, (properties
1

evaluated at average coolant temperature)

-prfv

p. W.D
coolant-flow Reynolds number, —lal—, (properties
A

evaluated at average coolant temperature)
temperature, or gas static temperature, Op
o
(B,2,T, o + HiZiTZ)/(HOZO + B 1,), OF

average thickness of materisl, ft

21

peripheral distance measured, from leading edge, ft

gas velocity relative to blade unless otherwise
indicated by subscripts, ft/sec

gas velocity relative to blade at edge of boundary

layer and at local position v, ft/sec

radial distance along blade span defined in figure 3,

or spanwise distance from blade tip to blade
element, ft

chordwise distance from tralling or leading edge to

blade element, Tt

distance from medien plane of section to blade
element, ft

integration constants defined by equations 13 to 18,

reference 4

1
[(Eo20 + Hit)/(kpap)] &, 674
1
., Ta(l - tan ¥)]2
ZK{; * 2 tanir }
1
A tan\lf)]z
ly + 2o
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Subscripts:
1,2,3

4

5

av
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recovery factor

absolute viscosity of gas unless otherwise indicated
by subscripts, slugs/(ft)(sec} or (1bj(sec)/sq ft

mass density of gas unless otherwlse indicated by
subscripts, slugs/cu ft

thickness of trailing- or leading-edge section, ft
1 o ; ;

(ZHO/kBT)E, £e-1

rotor sections 1llustrated in figure 3
evaluated at trailing or leading edge
evaluated st coolant passage
average

blade

copper

effective . z

- experimental

gas L S i .
inside blade surface

coolant, or average coolant when used with temperature
outside blade surface - : —--

evaluated by equation for rectangular parallelepiped,
(equation 7)

prevalent (see symbol Tp,p for definition)

evaluated by equation for rectangle, (equation 9)
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r . blade root

8 . stainless steel

TE trailing edge

v at local position v

W evaluated by equation for wedge, (equation 8)
w . evaluated at wall temperature

Superscript: .

prime linear dimension increased by %,/2
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TABLE I. - RANGE OF OPERATING CONDITIONS FOR TURBINE AND STATIONARY BLADE

T::@?
Investigatlion ObJective Inlet~gas | Turbine speed Gas mass Coolsent mass
temperature (rpm) velocity velocity
(°F) 1b/(sec)(sq £t)|1b/(sec)(sg £t)
Forced-convection| Blade tem- 400 - 1600 | 3400 ~ 15,5007 7.2 - 17.4 24 - 280
water~cooled perature
turbine calculations
Maximum al- |400 ~ 1600 | 7000 - 15,500 12.0 27 - 218
lowable gas- |
‘temperature
operation
Stationary Temperature [400 - 900 |--—-s-ccmeme-n 3.8 4385 ~ 1080
water-cooled calculation
hlade ’ and insert-
effectlveness
determination

o7
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TABLE II. - PHYSICAL CONSTANTS USED IN CALCULATION QF TURBINE-
BLADE TEMPERATURES R KA
. . 0.1662

Chordwise blade-surface perimeter, f£t . . . « . . « . .+ .
Blade cross-sectional area?, Ay, 89 ft/blade « v e e e .

Blade cross-sectional aree®, As, sq ft/blade . ., . ., .
Disk rim cross—sectional_areaa, Az, 8q ft/blade v e e e
Distance from blade tip to top of coolant

passages®, X1, ft .+ « + ¢ o .00 e o0 e e e .
Distance from top of coqlant passdges to )

bladae—I‘OO'ba, Xz, ft v . . . . . . . - . . -. . . . . . .
Thickness of rim section®, xz, ft . . . . . . . « . . .

Coolant passage surface area inslde blade, sq f@/blade. .
Passage length uséd in Graetz number, ££ . .« . . « « .« «
Diameter of large coolant pessages, ft . . . . . " . ..
Diameter of small coolant passages, ft . . « . « « + « &
Hydraulic diameter of coolant passages, £t . . e
Thermal conductivity of aluminum, £tu/(sec)(ft)(°F) ..

. » 0.001128

. . 0.000880
0.004040

« « . 0.00833

. .« . 0.0880
. o« 0.0433

. .« . 0.007989
« + « 0.0880
. « . 0.00825
. « . 0.00517
.« « . 0.00708
. . . 0.0292

fgee figure 3.

TABLE IIT. ~ PHYSTCAL CONSTANTS USED IN CALCULATION OF STATTONARY
WATER~COOLED BLADE TEMPFERATURES
Perimeter of blade®, ft . . . . . . . . . . .. .. . .. ... 0.1628

Span of blade®, £t . . . v ¢ v v e 4 e e e e e e e
Diameter of coolant passage® 3 ft e s v e e s ¢ o 4 e s
Chordwise length of copper insert in traillng-edge

section®, £t . . . . . . . . .. A .. e .
Constant thickness of copper insexrt in trailing edge

section®, ft- . . . . . . . . e e “ 4o
Radius of blade leading edge .. .'. « e .-:-. “.

Radius of blade tralling edge?, ft .

Thermal conductivity of stainless steel, Btu/(sec)(ft)(oF)

Weighted average thermal conductivity of trailing-edge
section with copper insert, Btu/(sec)(£t)(°F) . . . . .

. . . 0.2083
. . . 0.0058

.« . 0.0200
« . . 0.0027

« « « 0.0089

. . 0.0025

« » 0.00444

.« « 0.0221

85ee figure 2.
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Figure 1. - Forced-comvectlon, water-cooled aluminum turbine.
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Ceramlc heat-flow
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Saw cut separating sections
of tralling edge

Coolant passage

Coolant flow . .
(a) Sectional view of statiocnary blade.
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(b) Approximation of stationary-blade treiling-edge section with copper insert.

Figure 2. - Stationary, stainless-steel, water-cooled blade wlth high-conductivity

(copper) trailing-edge insert.
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Calculated blade temperature, °F
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Figure 4. - Comparison of calculated and experimental averege blade-midspan
temperatures for forced-convection, water-cooled aluminum turbine. Used
in calculetions were blade-to-coolant heat-transfer coefficients from
stationary-tube heated-liquid deta (reference 3) and average gas-to-blade
heat-transfer coefficients calculated by methods of reference 2.
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Figure 5. - Comparison of calculated average blede-
tip and average blade-root temperatures with a
specific experimental blade temperature measured
at midchord location at each of these statlions on
forced-convection, water-cooled aluminum turbine.
Used in calculations were blade-to-coolant heat-
transfer coefficients from stationary-tube heated-
1iquid data (reference 3) and average gas-to-blade
heat-transfer coefficients calculated by methods
of reference 2.
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Figure 6. - Comparison of specific calculated midspan
trailing and leading edge temperstures with experi-
mental deta obtained at these locations from forced-
convection, water-cooled alumimm turbine. Used in

calculations were blade-to-coolant hest-transfer
coefficients from stetionary-tube heated-liquid

date (reference 3) and local gas-to-blade heat-
transfer coefficlents calculated by the methods
of reference 2.
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Figure 7. - Comparison of calculated with experimental
tralling-edge temperatures for the atationary,
stalnless-steel, water-cooled hlade., Used in calcu-
lations were blade-to-coalant heat-transfer coeffi-
clents from stationary-tube heated-liquid data
(reference 3) and local gas-to-blade heat-transfer
coefficlents calculated by the methods of reference 2.
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Turbine-inlet gas temperature, °F

[T NACA RM E52D21

2800 4 1 T T T
Coolant-to-gas
flow rmtic
I~ o) 0.40
m .30
a .20
2400F o "10 o
v .05 /‘ /x
x Calculated alloweble turbine- | ./ /[ X
i inlet-gas temperature for 177,
meximm blade tempersture 7 4/ e
2000 of 470° F. /s
,17 7 |
7N/ s/
r 4 / / . ¢
J )7
A7/ A
/4 7 y;
1600 / 1y / -
/ P
/ /7
/7 /| /
VAN 4
L/
1200 / L/
r Ld —_
Ve
A7
fa
800 &
%( 17(
400 I
100 200 300 400 500

Average turbine-blade midspan temperature, Op

Figure 9. - Effect of coolant flow on aversge blade-

midepan temperature of the forced-convectlion,
water-cooled alyminum tu.gbine. Gas temperatures
ranged from 400 to 1600° ¥ at a constant turbine-
Inlet gas mass veloclty of 12 pounds per second -
square foot, Curves are extrapolated to calcula-
ted maximum turbine-inlet gas temperature.
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